Small-cell lung cancer (SCLC) comprises about 13-15% of all lung cancers, and more than 29 400 new cases have been diagnosed in the United States in the year 2012. SCLC is a biologically complex tumor typically occurring in heavy smokers. Its medical treatment has almost remained unchanged over the last decades and selected treatment options have not been established so far, mainly due to the lack of targetable genetic alterations. In this study we analyzed a cohort of 307 SCLC samples for fibroblast growth factor receptor 1 (FGFR1) amplification using a dual color FISH probe. FGFR1 status was correlated with clinical data. FGFR1 amplifications were observed in 5.6% of evaluable pulmonary SCLCs. Most of them (93%) fulfilled the criteria for high-level amplification and only one case showed low-level amplification. Amplification patterns were homogenous in the entire tumor area without occurrence of any 'hot spot' areas. FGFR1 amplification status was not associated with age, sex, stage, smoking status or overall survival. FGFR1 amplification analysis by FISH analysis in SCLC is, under respect of certain technical issues, applicable in the routine clinical setting. However, the FGFR1 amplification patterns in SCLC differs strongly from the previously described FGFR1 amplification pattern in squamous cell carcinoma of the lung, as positive SCLC harbor mostly homogeneous high-level amplifications. We provide evidence that an estimated number of 1640 newly diagnosed FGFR1-positive SCLC cases in the United States annually could benefit from targeted therapy. Therefore, we recommend including SCLC in the screening for ongoing clinical trials with FGFR1 inhibitors.
Small-cell lung cancer (SCLC) remains one of the leading causes of cancer related deaths globally and represents B13-15% of all primary lung cancers. 1 It typically occurs in heavy smokers, is a rapidly progressive disease and most patients present at first diagnosis with advanced stage disease. The median survival ranges from 23 months for limitedstage disease down to 8 months for extensive-stage disease. 1 Over the last 30 years, medical treatment for advanced SCLC has mainly remained unchanged, consisting of a platinum-based chemotherapy regimen with optional radiation therapy depending on tumor stage. 2 Although targeted therapeutic options have been established for pulmonary adenocarcinomas, including EGFR (epidermal growth factor receptor) and ALK (anaplastic lymphoma kinase) inhibitors, 1, 3, 4 and recently also for squamous cell carcinomas, 5, 6 small-cell carcinomas still lack therapeutically exploitable genetic alterations. So far no single molecularly targeted drug has yet shown any significant clinical activity in SCLC. However, recent advances in the molecular understanding of the oncogenic mechanisms underlying SCLC have attracted interest in the development of novel therapeutic drugs. 2 In this context, our group systematically analyzed a large cohort of lung cancer specimens by conduction of 6.0 single-nucleotide polymorphism array analysis, exome sequencing, transcriptome sequencing and genome sequencing and identified pathogenetically relevant mutated genes. 7 In this report, we provide evidence for amplification of the FGFR1 (fibroblast growth factor receptor 1) tyrosine kinase gene in SCLC.
FGFR1 is a member of the type 4 family of receptor tyrosine kinases (FGFR1-4) binding fibroblast growth factors (FGFs). Ligand-FGF-receptor interaction mediates numerous developmental programs during embryogenesis and plays a critical role in adult tissue repair and maintenance of tissue homeostasis. 8 FGF binding to either of the receptors mediates signal transduction via induction of receptor dimerization and promotes a cascade of downstream signaling. FGFs and their receptors were found to have important roles in the biology of multiple cancer types. For example, FGFRs 1, 2 and 4 were found to be frequently overexpressed in breast cancer. FGFRs were also shown to mediate cell survival and motility in numerous cancer types. [9] [10] [11] [12] Promotion of oncogenesis by the FGF-FGFR signaling pathway is known to be mediated through mechanisms such as gene amplification, somatic mutations, translocations and increased expression of FGFs and/or FGFRs. 8, 9, 12 Amplification of the FGFR1 locus at chromosome 8p in particular was described in several cancer types, [12] [13] [14] such as breast, esophageal and head and neck carcinomas. Our group could show an oncogene dependency for a focal FGFR1 amplification in a large subset of pulmonary carcinomas, a finding that was reproduced by subsequent studies. 5, 6, 15 Furthermore, FGFR1 amplification represents a therapeutically tractable molecular event, as a selective inhibitor of the FGFR activity caused G1 growth arrest in breast cancer cell lines. 10 In SCLC, inhibition of the FGFR resulted in blockade of tumor growth, suggesting the important role of the FGF-FGFR signaling pathway for SCLC growth 16 and a recent survey of potential oncogenic driver mutations also suggested FGFR1 as a potential therapeutic target. 17 Different FGFR1 inhibitors are currently in phase I and II clinical trials such as BGJ 398 (Novartis), AZD 4547 (AstraZeneca), TKI 258 (Novartis), and BIBF 1120 (Boehringer-Ingelheim).
The aim of our study was to comprehensively investigate FGFR1 amplifications in SCLC. In particular, we aimed to evaluate FGFR1 amplification epidemiology and amplification patterns in SCLC and to compare it with previously described data on FGFR1 amplification in squamous cell carcinomas. The second aim of the study was to investigate whether FGFR1 fluorescence in situ hybridization on SCLC specimens is feasible in a routine clinical setting and whether this method allows to quickly and reliably identify patients for potential inclusion into ongoing clinical trials with available FGFR1 inhibitors. Furthermore we aimed to evaluate a potential correlation between clinical data and FGFR1 amplification status.
To our knowledge this is the first report of a systematic analysis of FGFR1 amplification in a large cohort of SCLCs.
Materials and methods

Patients
This study was performed with a total of 307 SCLC tumor samples with sufficient material for molecular diagnostics. The patients were screened for FGFR1 amplification in part of the routine molecular diagnostics program of the Network Genomic Medicine between January 2010 and December 2012. The Network Genomic Medicine is an academic multi center non-profit group, which provides molecular testing for personalized treatments of lung cancer patients including early clinical trials.
For analysis of patients' characteristics (age at first diagnosis, overall survival, stage and smoking status) clinical data were collected by extracting information from medical records and by questioning treating physicians as well as the patients. A complete set of clinical data was obtained for the majority of the amplified cases. However, clinical data of the non-amplified cohort were available only for a subset of patients, so that a comparable cohort was selected, resulting in an unbalanced ratio of amplified to non-amplified cases in the subgroup analysis. Baseline characteristics are displayed in Table 1 . The study was conducted in concordance with the local ethical guidelines and was reviewed by the institutional ethics committee.
Samples and Immunohistochemistry
The 307 SCLC tumor samples consisted of 269 primary SCLCs, 29 lymph node metastasis and nine patients with distant metastases from SCLC (four liver metastases, one metastasis in the adrenal gland, one soft tissue, one breast, one pleura and one ovary) ( Table 1) .
A total of six patients with combined carcinomas consisting of small-cell carcinoma and squamous carcinoma (n ¼ 2), small-cell carcinoma and adenocarcinoma (n ¼ 3) or small-cell carcinoma and largecell carcinoma (n ¼ 1) were included in the study, but only the small cell part was analyzed. Most samples (n ¼ 290) were biopsy specimens (ie, core needle biopsies, transbronchial and lymph node biopsies) and only 17 samples were material from total tumor resection samples, including lobectomy (n ¼ 13), wedge resection (n ¼ 2) and lymph node extirpation (n ¼ 2). No cytology specimens (ie, blocked material from fine needle aspiration) were included in the study. Tumor tissue was fixed in buffered formalin and embedded in paraffin blocks.
All primary diagnoses were reviewed by two experienced pathologists according to current recommendations. 1 Thus, morphological features, eg, size of nuclei, nucleus/cytoplasm ratio, chromatin structure and nuclear molding, were evaluated on H&E slides. To confirm the diagnosis ancillary immunohistochemical stainings were made, eg CD56, synaptophysin, chromogranin A and cytokeratins as well as TTF1 (thyroid transcription factor 1). If TTF1 staining was negative, we used p63 and CK5/6 staining to exclude basaloid squamous cell carcinoma of the lung as a differential diagnosis. If appropriate or necessary, additional tests were carried out, eg, LCA (leukocyte common antigen) or CD20 staining to exclude lymphoma. Tumor diagnoses were made in accordance to the current WHO classification system. 18 
FISH Assay
For fluorescence in situ hybridization, three to four micron tissue sections were mounted on sialinized slides and hybridized overnight with the ZytoLight SPEC FGFR1/CEN 8 Dual Color Probe (ZytoVision, Bremerhaven, Germany). Briefly, deparaffinization, protease treatment and washes were performed on the half-automated VP2000 processor system (Abbott Molecular, Wiesbaden, Germany). After pretreatment, the slides were denatured in the presence of up to 10 ml probe for 5 min at 75 1C and hybridized at 37 1C overnight. Post-hybridization SSC washes were performed at 72 1C and the slides stained with DAPI before analysis. Normal tissue including vessels, fibroblasts, lymphocytes or nontumor lung tissue served as internal positive control.
Cases were only further evaluated if control tissue nuclei displayed one or two clearly distinct signals of each color. Tumor tissue was entirely scanned for amplification hot spots by using a Â 63 objective and appropriate filter sets (DM5500 fluorescent microscope; Leica). If FGFR1 signals showed a homogenous distribution, random areas were used for counting the signals. Twenty contiguous tumor cell nuclei from three areas, resulting in a total of 60 nuclei, were individually evaluated with the Â 100 or Â 63 objectives by counting green FGFR1 and orange centromer 8 (CEN8) signals. As SCLC by nature often presents with overlapping cells and dense tumor areas, in some cases tumor cells from the periphery had to be chosen for reliable analysis.
FGFR1/CEN8 ratio, the percentage of cells with Z5 and Z15 FGFR1 signals and the average FGFR1 copy number per cell were calculated. Evaluation was carried out according to previously established FGFR1 amplification criteria. 5 Figure 1 summarizes the evaluation algorithm.
Statistics
For statistical analysis, the SPSS software, version 20.0, (IBM Germany) was used. w 2 -test, Fisher's exact test and t-test, as well as Kaplan-Meier analysis and log-rank test were used if appropriate. All tests were two-sided, with a 95% confidence interval.
Results
FGFR1 Amplification Patterns
Having evaluated the first 100 tumors of our series, we became aware that SCLC specimens warrant a special preparation for reliable analysis of FGFR1 FISH signals. Small-cell carcinomas are morphologically characterized by a very high nucleus to cytoplasm ratio and by naturally occurring dense tumor masses with tightly localized cells and overlapping nuclei. Owing to these morphological challenges, we used at most 3-4 mm thick and carefully stretched tissue slides to minimize drop out rate and optimize signal clearance.
Despite careful adaption of our slide preparation protocol, we could not gain valid data for 56 SCLC cases out of all 307 analyzed tumors (18%; Table 1 ). The technical failure rate in SCLC is, therefore, higher than in pulmonary squamous cell carcinomas, which we reported recently to be o5%. 5 Analysis was stopped after a third ineffective attempt of evaluation. Fifty-one samples of nonevaluable cases were specimens from biopsies (ie, core needle biopsy, transbronchial and mediastinal lymph node biopsies), four samples from total lobectomy and one sample from wedge resection. All non-evaluable surgical resection samples could not be evaluated due to missing signals. Biopsy specimens, if not evaluable, lacked sufficient In one case, the tumor cell nuclei were almost completely filled with FGFR1 signals resulting in an average of 20 gene copies per cell. Table 2 shows amplification results of all FGFR1-amplified SCLCs.
Only one tumor fulfilled the criterion for lowlevel amplification, being defined by absence of criteria for high-level amplification and presence of Z5 FGFR1 signals in Z50% of the tumor cells ( Figure 1, Table 2 ).
Co-localized clusters consisting of both numerically enhanced FGFR1 and CEN8 signals did not occur. Most tumors (n ¼ 237, 94% of all evaluable tumors) were homogeneously non-amplified with 2.8 FGFR1 signals per cell on average. Polysomy, defined as average CEN8 signal count/tumor cell Z3, occurred in only 6% of all evaluable tumors. According to the reading criteria for most other FISH probes (eg, HER2 and EGFR), FGFR1 signal doublets and triplets were counted as one signal, but closely spaced groupings of signals consisting of more than three copies were considered as small clusters of Taken together 5.6% (n ¼ 14) of all evaluable tumors (n ¼ 251) showed FGFR1 amplification, of those 13 tumors reaching the criteria for high-level FGFR1 amplification in small-cell lung cancer amplification (5.2% of all evaluable tumors), and only one tumor (0.4% of all evaluable) the criterion for low-level amplification. All high-level amplified tumors showed an average number of FGFR1 signals Z6 (mean: 9.5). Seven (54%) of these cases exhibited Z10% of tumor cells containing Z15 FGFR1 signals or large clusters, and all 13 high-level amplified tumors showed a FGFR1/CEN8 ratio Z2 (Figure 1 and Table 2 ). One of the high-level amplified tumors showed a FGFR1 signal count of 1200. However, the FGFR1/CEN8 ratio through a quotient of 1200/600 was 2.0, being just on the border to fulfill a criterion for high-level amplification, only looking at the FGFR1/CEN8 ratio ( Figure 1) . Interestingly, of all high-level amplified tumors, four tumors were negative for TTF1 immunohistochemistry. Those tumors showed significantly higher FGFR1 gene copy numbers than the other high-level amplified tumors with TTF1 positivity (mean FGFR1 gene copy number for TTF1-negative cases: 891.5, for TTF1-positive cases 461.4; t-test ¼ 0.007).
Patient Characteristics and Correlation with FGFR1 Status
A total of 307 patients were tested for FGFR1 amplification. Of the screened population, 182 (59%) were male and 125 (41%) were female (Table 1) , which is in line with current incidence rates seen for SCLC in males and females in Europe. 19 Of the amplified cases, 9 (64%) were male and 5 (36%) were female. There was no significant enrichment for any sex when comparing the amplification negative and positive patients (P ¼ 0.75).
Mean age at diagnosis of the entire cohort (n ¼ 307) was 65.1 years (Table 1 ). Age at first diagnosis could be obtained for 86% (n ¼ 12) of the amplified patients with a median of 64.5 years (range: 36-81). This was not significantly different from the non-amplified subgroup (P ¼ 0.88).
We acquired the smoking status of 54 patients (including 7 patients with FGFR1 amplification) of whom none were never-smokers (smoked fewer than 100 cigarettes during life time). Therefore, all patients were current smokers or had a smoking history.
We could obtain information regarding stage for a total of 78 patients including 93% (n ¼ 13) of the amplified cases. Fourty-three of these patients presented at first diagnosis with an extensive-stage and 35 with a limited-stage disease. There was no significant difference in the stage at first diagnosis between FGFR1-amplified and not amplified patients (P ¼ 0.083).
Interestingly, one of the patients with a high-level amplified tumor was an only 36-year-old female, taking into account the mean age of our patient cohort of 65.1 years. At that time, she had a smoking history of 20 pack-years and died, after treatment with standard chemo-radiation therapy, 3 years after diagnosis.
Survival Analysis
We were able to obtain follow-up data for 78 patients with known FGFR1 amplification status and known stage at first diagnosis including 13 FGFR1-amplified cases (Table 3 ). The mean overall survival (OS) for patients with extensive-stage SCLC regardless of FGFR1 amplification status was 13 months (95% CI: 4.9-21.1), and for patients with limited-stage disease the mean OS was 20.4 months (95% CI: 12.7-28.1) (P ¼ 0.012). The median follow-up time of all patients was 7.3 months.
When we compared the OS of FGFR1-amplified with non-amplified patients, regardless of stage, we did not detect any significant difference between the two groups (P ¼ 0.56). This held true for patients with extensive-disease at first diagnosis (P ¼ 0.11) (Figure 3) . Although we noticed a trend that FGFR1-amplified patients with limited-stage SCLC had a worse outcome than non-amplified patients with limited-stage SCLC (log-rank test, P ¼ 0.005; Table 3 , Figure 3 ). Despite this statistical significance, the clinical relevance still needs to be verified in larger studies as our cohort was small and showed a high rate of censoring.
Discussion
Therapeutically targetable FGFR1 amplification in smoking-associated human squamous cell carcinomas was recently described and occurs in about 20%. 5, 6, 15, 17 This is a clinically important finding since until now current therapies are very limited. So far no positive data about FGFR1 FISH analysis in SCLC have been described in the literature. In this study, we provide evidence that 5% of SCLC cases show targetable high-level FGFR1 amplification. To translate our findings into the emerging landscape of clinical trials with various FGF/FGFR inhibitors, patients eligible for treatment with currently investigated compounds must be identified reliably. In addition, molecular testing needs to be fast and reliable on generally very small and artificially altered biopsy specimens. We evaluated 307 small-cell carcinomas by a dual color FISH assay and found that 5.6% of all evaluable cases (n ¼ 251) showed high-or lowlevel amplifications. The percentage is very close to data observed in a cohort analyzed by singlenucleotide polymorphism 6.0 by us (3/51, frequency 6%). 7 We identified patterns of FGFR1 gene copy numbers that appear different from other genes. Importantly, the distribution of FGFR1 copies in small-cell carcinoma is also different from the FGFR1 pattern in other tumor entities and turned out to be homogeneous in all analyzed SCLCs. Small clusters ('microclusters'), as previously described in squamous cell carcinoma of the lung, did not appear in SCLC. Furthermore, high-level amplification is evenly distributed over tumor cells, lacking socalled 'hot-spot' areas, as seen in squamous cell carcinoma. Co-amplifications of FGFR1 and CEN8 signals do not appear. Our previously described scoring system in squamous cell carcinoma 5 can be transferred to SCLC with some minor modification and thus might serve as a standardized screening tool to identify SCLC patients for ongoing and upcoming clinical trials with FGFR1 inhibitors.
Several compounds have already entered clinical trials giving precise FGFR1 diagnostics high clinical impact, and first results with a selective FGFR inhibitor have shown clinical response in squamous cell lung cancer. 20 In the setting of these clinical trials, we believe that our FISH score might be helpful for identifying SCLC patients with significant increase in FGFR1 gene copy numbers. However, it still needs to be clarified by future response data derived from these studies, whether our criteria are equally good or even better predictor of response than traditional amplification criteria. Thus, our work represents a proposal for standardized screening for clinical trials. However, it appears likely that FGFR1 FISH assay is going to represent a companion diagnostic and there is a need for definition of interpretation criteria that could be implemented in the clinical practice. Having carefully assessed a large cohort of small-cell pulmonary carcinoma cases by applying our reading and evaluation strategy, we were able to divide positive cases into two types of amplification patterns. Low amplification level (as defined by absence of criteria for high-level amplification and Z5 FGFR1 signals in Z50% of tumor cells) occurred only once in our cohort and accounts for 0.4% of all evaluable FISH-positive cases (n ¼ 251), but 5.2% of small-cell carcinomas (92% of FISH-positive tumors) show high-level amplification (as defined by an FGFR1/CEN8 Z2.0, or average number of FGFR1 signals per tumor cell nucleus Z6, or the percentage of tumor cells containing Z15 FGFR1 signals or large clusters Z10%). Previous data suggest that cancer cell lines with high-level amplification respond better to treatment with FGFR inhibitors, 6 which was also confirmed in an independent study. 15 Therefore, it may be expected that tumors with high-level FGFR1 amplification will respond better to treatment with FGFR inhibitors.
In our cohort, we did not see any statistical significance between clinical data and FGFR1 amplification status. There was no correlation with age at first diagnosis, stage, sex or smoking status. Furthermore, we did not see any differences in OS between SCLC patients with FGFR1 amplification compared with SCLC patients without FGFR1 amplification in our overall population. There was also no difference between amplified and nonamplified patients with extensive-stage disease. Patients with limited-stage disease and no amplification of FGFR1 had by trend a better OS in our patient cohort. However, our cohort of amplified tumors with a total of only 14 cases, is small, so that larger numbers will be needed to give reliable information. As mentioned initially, results from ongoing early clinical trials need to be awaited. In any case, it will be important to record amplification levels obtained by FISH in a reproducible manner as proposed by our score to correlate these clinical response data with amplification level. In conclusion, FGFR1 amplification might present a therapeutically targetable genetic lesion for hypothesized 1640 newly diagnosed FGFR1-positive SCLC cases in the United States annually and almost reaches the same patient number as ALK-positive adenocarcinomas of the lung (B2000 newly diagnosed cases per year). These data indicate small-cell carcinomas should be included in FGFR1 amplification screening protocols of lung cancer.
